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I n  recent years,  advanced research and technology i n  science 
and engineering have created a need for more r e l i a b l e  and more accurate 
measurements. Developments i n  t h e  f i e l d  of instrumentation have resul ted 
i n  improvements of t he  ex is t ing  measuring techniques and have demonstrated 
t h a t  under ce r t a in  conditions, t h e  appl icat ion of feedback methods can 
r e s u l t  i n  instrumentation performance which i s  not obtainable by other 
methods. 

Feedback i n  an instrument resu l t s  i n  t h e  o r ig ina l  open loop 
measuring cha rac t e r i s t i c s  being replaced by t h e  cha rac t e r i s t i c s  of a 
feedback element. By t h i s  pr inciple ,  undesirable propert ies  can be 
e f f ec t ive ly  suppressed. Under ce r t a in  conditions, t he  use of feedback i n  
a non-linear instrument can r e s u l t  i n  a l inear ized  measuring cha rac t e r i s t i c .  
A reduction i n  the  time constant o f  t he  measurement can of ten be achieved. 

I n  t h i s  report ,  t h e  basic  problems connected with feedback 
instrumentation a r e  discussed, and a r e  compared with the  conventional 
instrumentation, thereby c l ea r ly  pointing out t he  necessary conditions 
f o r  achieving measurement improvement by t h e  use of feedback i n  instrumen- 
t a t i o n  design. 
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C-R 1 EIXMENTS OF MEASUREMENT 

I n  measuring instruments, the physical quantity t o  be measured 
and the  reference are compared t o  each o ther .  The elements of a measurement 
system can be a comparator, a reference, a gain element, and a transducer 
or  converter.  
ment process i s  described. 

I n  Appendix A t h e  nomenclature associated with t h i s  measure- 

The goa l  of a measurement i s  obtaining the TRUE VALUE AND THE 
DIMENSIOX of t he  quant i ty  t o  be measured. The measurement as described 
above y ie lds  only a READING or MEASURED VALUE. Successively, t h e  following 
s teps  must be made t o  obtain a t r u e  value and dimension. 

1. 

2. 

3 .  

4. 

From t h e  instrument, the READING o r  MEASURED VAWE i s  
obtained by reading the  divis ions OF THE SCALE and using 
an interpolat ion between t h e  d iv is ions .  

A correction f o r  the  systematic e r ro r s  i s  applied by which 
one obtains t h e  CORRFCTED READING o r  CORRECTED VALUE. 

After  having m a d e  several  measurements of t he  same physical 
quant i ty  (assumed t o  be constant) ,  one can obtain a measure 
of t h e  random er rors  and one obtains the  PROBABLE VAIXTE. 

From t h e  measurement of the random er rors  and probable 
value, one can estimate the  TRUE VALUE w i t h  a ce r t a in  amount 
of confidence. 

The t r u e  value i s  the  value of the  quant i ty  t o  be measured 
obtained by an instrument with no systematic or  random e r ro r s .  

It i s  the purpose of the measurement techniques t o  minimize the  
e r r o r s .  The measure i n  evaluation of a measurement technique i s  t h e  
possible  e r r o r  reduction. 

I n  Appendix B a c l a s s i f i ca t ion  of instrument e r ro r s  i s  developed. 
For instrumentation system design, the instrument errors are separated i n t o  

- I  

1. reading e r r o r  
2. environmental e r r o r  
3 .  cha rac t e r i s t i c  or  non environmental e r r o r  
4. dynamic e r ro r .  

. 



- 5 -  

1.1 Comparator and Reference Elements 

Consider a simple measurement consis t ing of only a comparator 
and reference element without gain or transducer element as shown i n  
Figure 1. 

The s t a t i c  comparator e r r o r  is the sum of t h e  environment and 
cha rac t e r i s t i c  e r r o r  of the comparator a t  t he  working point where the  
comparisons a re  made. There are two comparison e r r o r s .  The f irst  i s  
the  comparison e r ro r  o f t h e  zero; t he  second is  the  comparison e r r o r  of 
t h e  a c t u a l  value of t he  input var iable .  The comparison e r r o r  i s  inherently 
coupled with each comparison as t h i s  e r ror  i s  defined as the  e r r o r  i n  
determining t h e  equal i ty  of two quant i t ies  with the  comparator e r r o r  equal 
t o  zero. Note t h a t  i s  the  comparator e r rors  are zero, then the output of 
a comparison i s  zero because the  comparator determines the point of equal i ty .  

- 

I n  a simple measurement, t h e  comparator and the  var iab le  reference 
a re  the  sca l e s .  When t h e  reference i s  a sca le ,  t he  comparison e r r o r  i s  
synonymous with the reading e r r o r  which cons is t s  of a reading e r r o r  of t h e  
zero and of the  a c t u a l  value of t h e  quantity t o  be measured. 
feature  of a cornparator i s  the  addi t ive comparison. 
quant i t ies  i s  sa id  t o  be purely additive i f :  

The e s s e n t i a l  
A c m p r i s o n  of two 

a. both quant i t ies  are of the same dimensions ; 
b . both quant i t ies  do not influence each other .  

If t h i s  c o n d i t i m  i s  not m e t ,  an addi t iona l  "coupling" e r r o r  
i n  t h e  comparator can e x i s t .  
t he  comparator i s  purely addi t ive.  To sum up, the  s teps  i n  a simple measure- 
m e  n t  are : 

I n  fur ther  discussion, it i s  assumed tha t  

a. A quant i ty  t o  be measured is  applied t o  a measuring system 
which consis ts  of a reference and a comparator. 

b .  The quant i ty  t o  be measured i s  compared t o  t h e  reference.  

c .  Two comparisons are m a d e ,  one t o  compare the  zero of t h e  
quant i ty  t o  be measured with t h e  reference zero, and one t o  
compare the  ac tua l  value of t h e  quant i ty  t o  be measured with 
the  reference.  

A block diagram of a simple d i r e c t  measurement i s  given i n  Figure 1. 

. 
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quant i ty  t o  be measured 

Figure 1 
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The s t a t i c  e r ro r s  i n  each element are expressed as a f’unction 
of f u l l  sca le  and are  assumed t o  be random e r ro r s .  I n  the  reference element 
we have t h e  reference cha rac t e r i s t i c  e r ro r  rR and t h e  reference environmental 
e r r o r  cR.  The r e l a t i v e  e r rors  are  FR/R and CR/R where R is  t h e  reference 
f u l l  sca le .  I n  the comparator only the zero e r ro r s  are important. Hence 
i n  t h e  comparator w e  have the comparator cha rac t e r i s t i c  e r r o r  C c ,  the  
environmental e r r o r  E and the comparison (reading) e r ro r  A .  

Ac/C where C is  the  comparator f u l l  scale. 

L_ 

When t h e  
fill sca le  magnitude E’ b equals M, the r e l a t ive  e r r o r s  become l?c/C, Gc/C, 

The equations of t h e  system are i n  absolute e r ro r s .  

Hence, t h e  absolute RMS e r r o r  E 

Optimum r e su l t s  are obtained when each of  t he  e r r o r  terms are as small as 
possible  and a l l  terms are  equal. No reduction i n  e r ro r  over t h e  simple 
measurement as described i n  Figure 3 and Equation ( ) can be made unless 
b e t t e r  elements are used. 

__  - - . . - - - _ _ _  - . _ _  ._ __ 
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- A -  x: &) 

Consider a gain element with a gain G .  

zero c .' 6 .  

Figure 2.  

L 

The e r ro r s  are measured at the  output of t h e  gain element. 
t o  be measured i s  a l s o  amplified with a gain G .  

The quantity 

A block diagram of simple measurement with gain elements is  
given i n  Figure 3. 

The error becomes: 
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Comparison w i t h  equation ( 3 )  shows tha t  the cornparawor e r ro r  is increased 

by a fac tor  

s m l l e r  than one. 

with equation (3 )  shows t h a t  the  error  of the cornparator ( C )  and reference 

( R )  are  reduced by a fac tor  1/A; the comparison e r ro r  i s  reduced by a 

factor  1/AG. 

the  expense of addi t ional  e r r o r  terms 

In  general  the gain element should have a gain equal or  
Assuming a reference ga in  of one, then fur ther  comparison 

The improvement by using the  gain elements has been made at 

In  the gain element G, only errors a re  s ign i f icant .  In  the first 

amplifier,  zero and gain e r ro r s  are s ignif icant  and these a re  reduced 

by gain A. 

small depends consbtierably on the physical form of the gain element A.  

The use of a gain element A i s  valuable only when these e r rors  contribute 

t o  the  t o t a l  e r r o r  an mount l e s s  than the  reduction i n  the reference, 

comparator and comparison e r ro r s .  This shows tha t ,  i n  general, f o r  an 

element with i t s  associated errors  before the  comparator the  t o t a l  

complete charac te r i s t ic  and enviromntal  e r r o r  are propagated i n  the 

reading. For an element a f t e r  the comparator onlythe errors i n  the  zero 

of t he  elements appear i n  the  measurement and the Gain changes a re  of 

secondary importance. Hence when a gain element i s  necessary, then it is  
dPOirable t o  place t h i s  a f t e r  the comparator as then only i t s  charac te r i s t ic  

zero e r r o r  and environmental e r ro r  are propagated. 

The a b i l i t y  t o  keep character is t ics  and environmental e r r o r  

In  p rac t i ca l  instrumentation, the e r ro r s  a re  often proportionally 

r e l a t ed  t o  t h e  f u l l  scale .  

t he  f u l l  scale  of reference ( R )  and comparator ( C )  with the measured ( M )  . 
For min- e r ror ,  it i s  necessary t o  match 

In  conclusion: 

The reduction of t he  comparison er ror  can be done by using a gain element 

after t h e  comparison. The full Scale value of the  comparator and reference 

should be matched t o  the  f u l l  sca le  value of the quantity t o  be measured. 

When the  f u l l  scale  value of t he  quantity 
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t o  be masured i s  much smaller than the avai lable  full scale  values of 
reference and comparator, amplification before the  comparison can reduce 
the absolute e r ror ,  a s . t h e  terms 

1.3 Convertors or  Transducers 

I n  many measurements, the value of t he  measured quantity cannot 
be compared d i r ec t ly  with a reference; but  the measured quantity is 
f i r s t  converted by one or  more conversions in to  another physical quantity 
which can be compared d i r ec t ly  with the reference. A conversion is  the  
change of a physical quantity t o  a quantity of d i f f e ren t  kind (d i f fe ren t  
dimension) and i s  done i n  a convertor. 

quant i ty  t o  be 
measured 

Figure 4 

A conversion always consists of a conversion process and a 
gain process. However, these t w o  functions should always be distinguished. 
The element containing t h e  conversion process and i t s  gain process i s  
of'ten ca l l ed  the transducer. The conversion process changes the  dimen- 
s iona l  quantity and has no e r ro r .  The gain process of the convertor has 
a cha rac t e r i s t i c  and environmental error .  
take place a f t e r  one o r  more conversions. Hence, the  conversion e r rors  
a re  added i n t o  the  e r r o r  equation. 

The ac tua l  measurement may - 

. 
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The possible places of a convertor i n  a measuring system are: 

1. Conversion before comparison 
2 .  Conversion between reference and comparison 
3. Conversion af'ter t he  comparison. 

The f i rs t  two posit ions a re  the  same with respect t o  the e r r o r  
They correspond t o  t h e  posit ion of amplif ier  A i n  Figure 5 .  propagation. 

The t o t a l  cha rac t e r i s t i c  conversion e r ro r  i s  added t o  t h e  measurement 
e r ro r .  I n  t h e  t h i r d  posi t ion t h e  convertor corresponds t o  the  posi t ion 
of amplif ier  G in Figure 5 ,  and only the cha rac t e r i s t i c  zero e r r o r  of t h e  
conversion element i s  propagated i n t o  the measurement e r ro r .  

I n  conclusion: 

I n  many p r a c t i c a l  cases, the transducer e r ro r s  are among t h e  
l a rges t  e r ro r s  in a measuring system. 
minimize these e r r o r s .  The best  posit ion for  a transducer element i s  
af'ter t h e  comparator as i n  that  case only, the cha rac t e r i s t i c  - zero e r r o r  
i s  propagated i n t o  t h e  t o t a l  measurement e r ro r .  
term of a convertor 

An attempt should be made t o  

I n  t h i s  case, the e r r o r  

i s  reduced t o  



- u -  

In  th i s  chapter, t he  basic' measuring systems w i l l  be analyzed 
and the  precision (EP E "sum" of the  instrumentation e r ro r s )  w i l l  be 
determined. 

2 .1  Direct Measurement 

In  the  d i r ec t  measurement, the quantity t o  be measured and f o r  
reference i s  converted so  tha t  the physical dimension of the converted 
quantity t o  be measured and reference are the  same. 
place before the  comparator, 
vanometer. The voltage i s  converted in to  current,  t h e  current i s  con- 
verted i n t o  a force,  the  force i s  converted (by a spring) in a displacement 
and the  displacement i s  compared t o  a scale.  

A l l  conversions take 
f o r  example, voltage measurement by a ga l -  

where T i s  the  transducer fu l l  scale .  

. 
Figure 5 
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The quant i t ies  TT/T  and E ~ / T  a re  the r e l a t ive  conversion e r rors .  
Normally these conversion errors a re  dominating, i n  which case the equation 
becomes 

The advantages of a d i r ec t  measurement a re  

1. a re l a t ive ly  simple construction 
2 .  good dynamic response (determined by the  measuring elements) 

2.2 The Effect of G a i n  Elements 

The influence of gain elements i n  d i r ec t  masurement can be 
evaluated from Figure 6. 

3 

F g u r e  6 

The RMS e r ro r  i s :  
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This equation shows that besides the introduction of an 
addi t ional  e r r o r  i n  the addi t ional  element, t he  following e f f ec t s  occur: 

a. A gain element a f t e r  the  comparator reduces the  comparison 
e r r o r .  

b . A gain element between reference. and comparator enlarges 
the reference e r ro r s .  

C .  A gain element between the transducer and comparator reduces 
the  comparator error. 

d. A gain element before the transducer reduces the transducer 
e r ro r s .  

Hence, by use of gain elements, it i s  often possible t o  obtain an e r ro r  
reduction especial ly  when gain elements a re  used t o  match the full scale  
of t he  elementsj as discussed under comprison e r r o r  reduction (page ). 

2 .3 Balancing Measurement 

I n  a pure balancing type of measurement, the  comparison is  
made d i r ec t ly  between the  quantity t o  be measured and a reference having 
the  same physical quantity.  The conversions take place a f t e r  the  com- 
parator .  Hence t h e  only character is t ic  zero e r ro r s  of the convertor 
appear i n  the  e r r o r  equation. The reference of t h e  same physical 
quantity as  the quantity t o  be measured i s  varied; hence the  reference 
must be measured. The value of the reference i s  compared t o  or converted 
with a sca l e .  Only when there  i s  a be t t e r  convertor avai lable  fo r  the  
reference measurement can an improvement be made. Take, f o r  example, 
voltage measurement. 
a precision decade r e s i s to r .  
voltage a r e  subtracted; the  voltage difference i s  converted in to  current,  
t he  current  i s  converted i n t o  force, the force i s  converted in to  d i s -  
phcement . Equation (10) applies where and cA are  zero. BY the use 
of large gains a f t e r  the convertor the  reading e r ro r  can be made negligibly 
small. 

c_ 

The voltage of a reference c e l l  i s  controlled by 
The voltage t o  be measured and the  reference 

The e r ror  equation becomes (Figure 7)  

(16) - IV Er - - (when transducer e r ro r s  are dominaling) 
7 



Note t h a t  T and g 

In  a p rac t i ca l  measuring system, the reading er ror  A is  small compared 
t o  the  other e r rors ,  and i f  necessary can be reduced by a gain element G .  
Prac t ica l  amplifiers can be made without prac t ica l ly  any zero nonlinearity 
such as dead zone, e t c  . , s o  t h a t  

small compared t o  the  transducer errors .  

a re  the  e r rors  at the output of t h e  gain element. T 

0 .  The e r ro r s  rR, cR and €G c ,  cc a re  the  e r rors  of the reference and comparator. These a re  usually 

Figure 7 

With the  gain elements G1 and G2, the  equations become: 

The RMS e r r o r  (E)  equals: 

This equation shows t h a t  under cer ta in  conditions (negl igible  
gain e r r o r s )  a gain element before the transducer can reduce the  e r r o r  
par t  due t o  the transducer. 

To sum up, a balancing measurement (nul l ing measurement) is  
made dy a Imlling procedure and a direct  measurement of the balancing 
quantity ((-:.g ., reference).  Such a measuring system consists of a 
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comparator where the quantity t o  be measured and a variable reference 
of the sam dimension are  canpared. The comparator output i s  measured 
by a direct  measurement. F i r s t  a comparison i s  made between the  zeros 
of the quantity t o  be measured and the zero of the reference. The 
magnitude of the quantity t o  be measured i s  obtained by a nulling pro- 
cedure where the reference i s  varied until the output of the comparator 
i s  equal t o  zero. Consequently, the variable reference magnitude and 
the magnitude of the quantity t o  be measured a re  equal. The mgnitude 
of the variable reference i s  read and therefore the  magnitude of the 
quantity t o  be measured i s  known. By the measurement of the  nul l ,  
only the  character is t ic  zero e r ror  of the elements a f t e r  the comparator 
appear. This i s  the advantage of a balancing measurement. Poor dynamic 
response and a more complicated system are  the disadvantages of t h i s  
system. 

- 

2.4 Feedback Measurement 

When feedback i s  applied t o  a balancing measurement, the 
measurement becomes an automatic nulling measurement. 
amplifier element G is  added which uses the output of t he  balancing 

An addi t ional  

measurement t o  - n u l l  the measurement by varying the  reference. The 
reference element i s  read and gives the magnitude of the input quantity 
t o  be measured. 

Figure 8 

When the  loop gain i s  TG, then the RM3 e r ro r  becomes 
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If one compares the automatic balancing measurement with the  
non-automatic balancing measurement, then the  following ef fec ts  occur: 

1. When the  added gain G is  large and TG >> 1, the term 
1/T and the s t a t i c  errors  of both nulling G/TG + 1 

measurements a re  (Equations / 8 , ij ) f o r  prac t ica l  pur- 
poses ident ical ,  as the additional e r ro r  due t o  the term 
G/TG + 1 should be made negligibly s m a l l .  

2. The dynamic response of the feedback measuring system is 
enhanced by the feedback. When the dynamic response of 
the elements is determined by parameters outside the 
feedback loop, then the dynamic response is ident ical  t o  
tha t  of the  d i rec t  measurement. When the parameters which 
determine the dynamic response a re  i n  the feedback loop, 
then the dynamic response of the feedback systems i s  en- 
hanced by a fac tor  G/TG + 1 as compared t o  the d i r ec t  
measurement. 

. 
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APPENDIX A NOMENCLATUFl3 AND DEFINITIONS 

A measurement i s  a comparison of two physical quant i t ies  of 
t h e  same dimensions and the  characterization of t h e  physical quantity 
t o  be measured i n  terms of a number and a dimensional expression. 
A physical quant i ty  i s  determined by a dimensional expression and a 
number comparing the  quantity with the  u n i t  quant i ty .  Hence, a physical 
quant i ty  i s  a dimensional quantity. 

- 

I n  a simple measurement, the s teps  i n  making a measurement are: 

1. 

2. 

3 .  

4. 

Compare the  reference zero with the  "zero of t h e  input 
var iable  . I '  

Apply the  input var iable .  

Vary the  reference u n t i l  t h e  reference value i s  equal t o  
t h e  input var iable .  This is t h e  second comparison. 
- 

Determine (read)  t h e  reference value.  
measurements function (3) and (4 )  can be combined and 
done with the  human eye, e .g ., on a sca le .  The eye goes 
Over the  sca le  t o  t h e  point where t h e  reference (number 
divers ion)  equals a l ine  or pointer.  
determined by r e d i n g  the number diversion. 

Often the  simple 

The reference is  

The necessary elements t o  make the simplest measurements are 
thus a comparator and a var iab le  reference. 

The comparator i s  an element i n  which t h e  difference between 
t h e  magnitudes of two quant i t ies  of the  same kind (dimension) i s  
ietermined. Hence, t h e  comparator is the  element necessary t o  perform 

t h e  comparisons of t h e  zero and of the a c t u a l  value of t he  quantity t o  
be measured m a i n s t  t he  zero and the value of t he  reference. 

The reference i s  a physical quant i ty  which i s  (presumably) 
I n  a p r a c t i c a l  measurement, the  reference and t h e  comparator known. 

are measuring instruments. 

I n  a measurement, t h e  following propert ies  are of fundamental 
importance: 

1. MEASUREMENT RANGE OR RANGE OF THE MEASURING INS- 
This is the  range (of the values of quantity t o  be measured) 

over which the .  instrument i s  intended t o  measure. The measurement range 
i s  spec i f ied  by lower and upper limits. . 

A 
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2 .  SENSITIVITY OF THE: MFASURING INSTRUMENT 

This is  the  r a t i o  of t he  change in  instrument indication 

Sens i t iv i ty  = G = - ax often ca l led  the gage f ac to r  or  gain, 

where Ax = change i n  instrument indication 

The sens i t i v i ty  is  often expressed as the var ia t ion  of the  instrument 
indication t o  a unit  change of t h e  value of the  quantity t o  be measured. 

t o  a change in  the value of the  quantity t o  be measured or: 

AY ' 

Ay = change i n  quantity t o  be measured 

The logarithmic sens i t i v i ty  i s  defined as the  r a t i o  of the 
r e l a t ive  change in  the  instrument indication t o  the  r e l a t ive  change i n  
the  nuantity t o  be measured. 

Logarithmic S = , f $ = b . . s = G  . E  
Sens i t iv i ty  & Y  Y 

where x = instrument indication 
Ax = change i n  instrument indication 
y 
Ay = change i n  value of t he  quantity t o  be measured 

= value of the quantity t o  be measured 

3 .  IJ!STRUMENT DYNAMIC CHARACmRISTICS 

The a b i l i t y  of the instrument t o  follow the var ia t ions 
of t he  measured quantity with time is  determined by the  instrument 
dynamic charac te r i s t ics  and i s  often expressed as a frequency response 
curve. 

The measurement e r r o r  i s  t he  algebraic difference between 
the  indicated value and the  t rue  value of the  quantity t o  be measured. 

The e r ro r  can be expressed as an absolute or r e l a t ive  e r ro r .  

The absolute e r r o r  i s  the e r r o r  i n  an absolute dimensional 
quant i ty  . 

The r e l a t ive  e r ro r  is given as a percentage of some quantity, 
usually i n  percent of the upper l i m i t  of the measurement range (full 
sca l e ) ;  sometimes the  e r rors  a re  expressed i n  percent of t he  indicated 
value. 

An e r ro r  source is a bar iab le)  physical quantity causing a 
measurement e r ror .  The e r ro r  is related t o  the e r r o r  source by some 
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physical  l a w  which can o r  cannot be described a n a l y t i c a l b .  
i s  ca l led  determinis t ic  when it possesses a de f in i t e  funct ional  dependence 
on time, while t he  random parameters appear parametrically.  

A var iable  

A variable  
. i s  ca l led  random 

be given. 

I A.  
I 

a r e  sa t i s f i ed :  

B. 

when such a de f in i t e  funct ional  s t ruc ture  i n  time cannot 

SYSTEMATIC ERROR 
An e r r o r  i s  systematic i f  - both t h e  following conditions 

1. The e r r o r  source i s  a determinis t ic  var iab le  and 
i ts  magnitude i s  known a t  the t i m e  of t he  measurement. 

2 .  A funct ional  re la t ionship i s  known and used t o  
describe t h e  re la t ion  of the  e r r o r  t o  i t s  source. 

RANDOM ERROR 
An e r r o r  i s  ca l l ed  random if one o r  more of t h e  con- 

d i t i ons  f o r  a systematic e r r o r  a r e  not s a t i s f i e d .  Therefore, the e r r o r  
i s  random i f  any one of t he  following conditions is  sa t i s f i ed :  

1. The e r ro r  source i s  a random var iab le  o r  t he  
magnitude of the e r r o r  a t  t h e  time of t h e  measure- 
ment can be only predicted with some probabi l i ty .  

2 .  A funct ional  re la t ionship t o  describe the  r e l a t ion  
of t h e  e r r o r  t o  i t s  source i s  not known or  i s  not 
used. 

Hence, when the  determinis t ic  character  o f t h e  source 
o r  t h e  funct ional  re la t ionship  of a systematic e r r o r  i s  not used, t he  
e r r o r  i s  c l a s s i f i ed  as a random er ror .  

The measurement e r ro r s  can be divided in to  DYNAMIC ERRORS and 
STATIC ERRORS. 

The dynamic e r r o r  occurs due t o  t h e  t i m e  va r i a t ion  of t he  
quant i ty  t o  be measured. 
v a r i a t i o n  of the  quant i ty  t o  be measured a r e  s t a t i c  e r ro r s .  

All er rors  which a re  not re la ted  t o  the  time 

For t h e  measuring performance, t h e  measurement e r ro r s  can be 
divided into:  

A.  LOADING ERROR 
The loading e r ro r  i s  t h e  difference of the value of 

t h e  quant i ty  t o  be measured before and after t h e  measuring device i s  
brought i n t o  i t s  measurement posit ion.  The loading e r r o r  can consis t  
of a s t a t i c  and/or dynamic e r ro r .  The loading e r r o r  i s  of ten one of 
the most important e r ro r s  i n  the  measurement. This e r r o r  can only be 
determined f o r  a spec i f ic  measuring system; hence, it w i l l  not be f u r -  
t h e r  discussed. 
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B. INSTRuMFlNT PFU3CISION 
This i s  the sum t o t a l  s t a t i c  e r ror  of the  instrument. 

C. INSTRUMENT DYNAMIC ERROR 
This i s  the  instrument e r ro r  due t o  a time var ia t ion  

of the  quantity t o  be measured ( w i t h  exclusion of the  s t a t i c  e r r o r ) .  
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APPENDIX B INSTRUMENT ERRORS 

The instrument e r r o r  i s  t h e  t o t a l  e r r o r  contributed by the  
instrument and consis ts  of s t a t i c  and dynamic e r ro r s .  

I. STATIC ERRORS 

The t o t a l  s t a t i c  e r ro r  precision of an instrument can be s p l i t  
i n t o  e r ro r s  due t o  the  major e r r o r  sources. These are: 

A.  Reading Error  
B.  
C . Environmental Error  

Character is t ic  Error  (gain and zero)  

A.  RELADING ERROR 

The reading e r r o r  i s  the e r r o r  tha t  an average reader w i l l  
make i n  reading the pointer on a sca le .  
severa l  sub-errors such as 

This e r r o r  can be divided in to  

a.  Optical  Resolution - The aver e o p t i c a l  resolut ion of 
the  eye i s  i n  the  order of 10' 3 times t h e  distance from 
the  reading. 

b .  Paralax - This i s  a function of t h e  distance of t he  
pointer  above the  scale .  

c .  Interpolat ion Error  - This e r r o r  i s  in t h e  order of 1 6  
of the scale  markings. 

d .  Background Noise - This can cause a v ibra t ion  of pointer 
and hence the  average posi t ion must be estimated. This -~ 
r e su l t s  i n  an e r r o r  i n  the order of 16 of t o t a l  vibra- 
t i o n  def lect ion.  

As  i s  discussed i n  Chapter 2, the s i z e  of t h e  reading 
e r r o r  can be la rge ly  influenced by the  instrumentation system 

B. CHARACTERISTIC AND ENVIRONMENTAL ERROR 

Consider t h e  output of a measuring element as a function 

The l a t t e r  can be ac tua l ly  a number 
The enviornmental input var iables  are con- 

of i t s  input  var iab les .  
and t h e  environmental input ( X e ) .  
of inputs  (Xel, Xe2, . . .). 
s idered  t o  be the  var ia t ions  from some nominal environment. For a 
single environmental var iable ,  t he  output i s  X, = f ( X i ,  X e ) .  This 
function can be i l l u s t r a t e d  by a surface i n  three dimensional space 

We distinguish between t h e  s igna l  input ( X i )  

( 0 ,  A ' ,  B", C" i n  FQUIY B-1). 
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Figure B-1 

A perfec t  s igna l  transmission would be characterized by the function 
xon = f,(Xi, xe) = fn(Xi ,  0). This equality expresses a nominal func- 
t i o n  as w e l l  as the independence from the environment. The function 
fn(Xi, 0) i s  i l l u s t r a t e d  by the l i n e  OA. The function f n ( X i ,  Xe)  i s  
the  QABC plane i f  f n ( X i ,  0) is  a s t r a igh t  l i n e .  Even with no environ- 
mental e r ro r ,  there  w i l l  be a deviation from the i d e a l  cha rac t e r i s t i c  
OA. This deviation which w i l l  be cal led cha rac t e r i s t i c  e r ro r ,  r e su l t s  
i n  the  O'A'  cha rac t e r i s t i c .  

Note that  t h i s  e r r o r  depends only upon t h e  nature of t he  
output quantity t o  be measured and not upon t h e  environment. 
it might be ca l led  "non-environmental e r r o r  ." Hence, 

The t o t a l  e r r o r  w i t h  a var ia t ion  of t h e  nominal environment, 
o r  Xe # 0, i s  given by BB". 
e r ro r s ;  the cha rac t e r i s t i c  e r r o r  BB" = AA', and the  environmental e r ror ,  
B I B " .  Note t h a t  the O ' A ' B ' C '  surface i s  perpendicular t o  the XiX 
plane and t h a t  t h e  O1A'B"C" surface in t e r sec t s  t he  XiXo plane i n  ehe 
l i n e  O ' A '  . 

It can be considered as the  sum of two 
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I n  view of t h e  introduced def ini t ions the  output can be 
expressed as a Taylor s e r i e s  of t he  environmental var iable .  

x; =C x; ' C  

When subst i tut ing the  charac te r i s t ic  error, (I?) 

t h e  f irst  order approximation becomes 

where B denotes the environmental e r ror ,  or  

With the  concepts of cha rac t e r i s t i c  and environmental e r ro r ,  
an element can be represented by an idea l  element, f n ( X i ,  0), t o  which 
t h e  e r r o r s  are added. Hence, a division of the  s t a t i c  instrument e r r o r  
i s  : 

1. The Environmental Error ( 6 )  - This e r r o r  due t o  a changing 
environment wi th  a constant transducer input.  All physical quant i t ies  
influencing t h e  performance of a measurement w i t h  the exception of the 
quant i ty  t o  be measured are considered under environment. I n  t h e  first 
approximation, t h i s  e r r o r  i s  independent of t h e  quantity t o  be measured. 
This may be, for example, temperature, acceleration, velocity,  vibration, 
e t c .  

2 .  The Characterist ic o r  "Non-Environmental Error" (I?) - This 
i s  the  deviation of the instrument output from the  physical l a w  predicted 
output with a constant nominal environment. The charac te r i s t ic  e r r o r  
can be divided with respect t o  t h e  error  source into:  

a.  Mobility Error - This e r r o r  i s  associated with the  
smallest l e v e l  of the quantity t o  be measured t h a t  
w i l l  produce a var ia t ion i n  the measurement value. 
This e r r o r  can be caused by f r i c t i o n  and discontinui- 
t i e s  such as potentiometer wires. 
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b .  Hysteresis Error  - This is t h e  maximum uncertainty 
i n  the  hysteresis  cycle. 

Calibration Error  (zero and ga in)  - This e r r o r  con- 
sists of two parts: 
1. the  e r r o r  i n  reading the  ca l ibra t ion  curve 
2 .  t h e  e r r o r  i n  making the  ca l ibra t ion  curve 

c .  

From t h e  systems point of view, these e r ro r s  can be grouped 
together  and then separated i n t o  

1. The Character is t ic  Zero Error  (c)  - This i s  t h e  
cha rac t e r i s t i c  e r r o r  when the  input variable i s  equal t o  zero. This 
e r r o r  is  indepndent of t he  quantity t o  be measured. 

2 .  The Character is t ic  Gain Error  ( 8 )  - This i s  t h e  
cha rac t e r i s t i c  e r ro r  with the  charac te r i s t ic  zero e r r o r  subtracted.  

be measured. 
, Hence, t h e  charac te r i s t ic  gain e r r o r  i s  a function of t h e  quant i ty  t o  

11. D-C INSTRUNENT ERRORS 

This i s  t h e  e r r o r  due t o  the  time va r i a t ion  of the  quantity 
t o  be measured. The dynamic e r r o r  i s  normally expressed as: 

A. FREQUXNCY RESPONSE CXINES (amplitude and phase) f o r  t h e  
measurement o r  a var iable  quantity t o  be measured. 

RESPONSE TIME ( t h e  time t o  reach 63% of t h e  f i n a l  value)  
f o r  the  measurement of constant leve ls .  

DELAY TIME when t h e  quantity t o  be measured varies slowly. 

B. 

C .  

111. TGTAL ROOT MEAN SQUARE ERROR OF A MEASURING SYSTEM 

A measure of t h e  t o t a l  e r ro r  i n  a measurement system can be 
obtained by the  root mean square e r ro r .  
measuring system is the  "sum" of the  loading er ror ,  precision and dynamic 
e r r o r  or:  A I  

The t o t a l  RMS e r r o r  i n  a 

The conditions f o r  the  use of the  RMS e r r o r  swnmation are: 

1. The e r ro r s  a r e  independent. 
2 .  

3 .  The e r ro r s  a r e  of t h e  same magnitude. 

The probabi l i ty  d is t r ibu t ion  of t he  e r ro r s  tends t o  be 
gaussian (normal probabili ty d i s t r ibu t ion ) .  
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A.  INDEPZNilENT ERRORS 

I n  prac t ica l  measuring systems, t h e  condition f o r  inde- 
pendence or e r ro r s  i s  the  most important one. For example, t he  en- 
vironmental e r r o r  of each of the elements i n  a measurement chain may 
not be independent. I n  t h e  case that e r ro r s  a r e  dependent o r  correla-  
ted ,  t he  RMS e r r o r  becomes: 

E = i - 2  ;E1 + E: + E T  + (E4 + E5 + E 6 ) l  2 1/2 
c- J 

where t h e  e r ro r s  E4, E 
of t h e  Same parameter. 

and E6 a r e  dependent or i n  other  words, function 
(The e r ro r s  El, E2, and E3 are independent) 

5 

When t h e  t o t a l  RMS e r ro r  i s  known, then an estimation can 
be made (assuming the  normal d i s t r ibu t ion )  of the most probable value 
of the measurement. For t h i s  estimation, t he  t o t a l  RMS e r r o r  i s  set 
equal t o  the  standard deviation ( 0 )  and the  confidence bands of l a  (68$), 
20 (95$),  o r  3a (9%) are known. 

B NON-GAUSSIAN PRGEABILITY DISTRIBUTIONS 

I n  general, t h e  probabili ty d is t r ibu t ion  of a measurement 
tends t o  be gaussian or  normal. 
analysis  o r  experiment) as otherwise one w i l l  assign a most probable 
value t h a t  does not correspond t o  the  t r u e  value. 
i s  a sampled voltage measurement. 
t h e  applied voltage. I n  conclusion, application of t h e  gaussian o r  
normal d is t r ibu t ion  t o  measured values should not be done without reserva- 
t i o n s .  

However, t h i s  should be v e r i f i e d  (by 

The c l a s s i c a l  example 
The measure value var ies  between 0 and 

IV. ERROR CLASSIFICATION FOR INSTFNNENT PERFORM&NE 

For t h e  performance of an instrument, t he  e r r o r s  can be 
divided into:  

A.  FESOLUTION - This is a measure of t h e  smallest increment 
of t he  quantity t o  be measured which gives a detectable 
reading increment. The resolution i s  determined by t h e  
reading e r r o r  and mobility e r r o r .  The resolution can be 
given by: 

Jeading error2 + mobility e r r o r  2 resolution = me as ureme n t  range 

B.  PFBCISION - This is  a measure of t h e  repea tab i l i ty  of 
t h e  measurement. The precision is  determined by the  
reading e r r o r  , character is t ic  e r r o r ,  and environmental 
e r r o r .  The precision can be given by: - 

&?sding error2 + charac . error2 + environ. e r r o r  2 
precision = measurement range 
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C. ACCURACY - This i s  a measure of how w e l l  t h e  reading 
corresponds t o  the  t rue  value. 
termined by t h e  reading e r ro r  and the instrument 
errors and loading error .  

The accuracy is  de- 


